We use chiral effective field theory (χEFT) to make predictions for the longitudinal electromagnetic response function of the deuteron, f L , which is measured in d(e, e ′ N ) reactions. In this case the impulse approximation gives the full χEFT result up to O(P 3 ) relative to leading. By varying the cutoff in the χEFT calculations between 0.6 and 1 GeV we conclude that the calculation is accurate to better than 10% for values of q 2 within 4 fm −2 of the quasi-free peak, up to final-state energies E np = 60 MeV. In these regions χEFT is in reasonable agreement with predictions for f L obtained using the Bonn potential. We also find good agreement with existing experimental data on f L , albeit in a more restricted kinematic domain.
I. INTRODUCTION
The use of chiral perturbation theory (χPT) to describe few-nucleon systems is a problem that has received much attention over the past twenty years. This effort began with the seminal papers of Weinberg [1] , and has recently been reviewed in Refs. [2, 3] . In this approach the NN potential is computed up to some fixed order, n, in the chiral expansion in powers of P ≡ (p, m π )/Λ 0 . (Here the breakdown scale Λ 0 is nominally m ρ ∼ 4πf π , but in reality is somewhat lower for reactions involving baryons.) This NN potential is then iterated, using the Schrödinger or Lippmann-Schwinger equation, to obtain the scattering amplitude. This approach has come to be known as chiral effective field theory (χEFT) as it encodes the consequences of QCD's pattern of chiral-symmetry breaking for few-nucleon systems and is built on a systematic expansion in powers of P , while resumming the nonperturbative effects that lead to the existence of nuclear bound states.
Electromagnetic reactions provide particularly fertile ground for the application of χEFT.
A few-nucleon electromagnetic current operator, J µ , can also be derived from χPT [4] [5] [6] [7] [8] [9] , and matrix elements are then constructed via:
where |ψ (i) and |ψ (f ) are solutions of the Schrödinger equation for the χEFT potential Vin principle at order n. χPT predicts that short-distance effects will enter J µ eventually, but minimal substitution generates the first several orders in the expansion for J µ , especially in the case of the charge operator. This enables predictions for charge form factors of A = 2 [9] [10] [11] [12] [13] and A = 3 [9] systems to be obtained as pure predictions up to order P 4 relative to leading. These predictions agree well with data up to at least Q 2 = 0.4 GeV 2 . In the magnetic response the first short-distance operator not determined by NN scattering or single-nucleon properties enters considerably earlier, but accurate predictions for form factors can still be made [9, 14] . Indeed, the existence of this additional short-distance operator allows enhanced understanding of magnetic moments and M1 transitions in systems up to A = 9, with reactions that had not previously been understood now being explained, and correlated, through the presence of the same short-distance γNN→NN operator [15, 16] .
In this work we focus on the application of this formalism to electrodisintegration of deuterium, and specifically the computation of the longitudinal response function, f L . f L is proportional to the square of the matrix element of the NN charge operator between the deuteron wave function and the wave function of a continuum NN state. J 0 is given solely by a single-nucleon operator up to O(P 3 ) relative to leading in the χEFT expansion, so calculations of f L can take the information gleaned on NN interactions from scattering experiments and use it to make quite accurate predictions for an electromagnetic observable.
Deuteron electro-disintegration has been employed as a testing ground for NN models for a long time [17] [18] [19] [20] [21] [22] . Since the 4-momentum in the breakup process is given by a virtual photon, a richer set of kinematics can be probed as compared to the photo-disintegration process. And, in addition to the deuteron wave function, the disintegration process probes both the on-shell and off-shell NN t-matrix through the final-state interaction.
This means that the solutions for the deuteron wave function |ψ , and the NN t-matrix, are input to our calculation. To obtain them from χEFT potentials we need to impose a cutoff on the intermediate states, Λ. The low-energy constants (LECs) multiplying contact interactions in the nucleon-nucleon part of the chiral Lagrangian should then be adjusted to eliminate any dependence ∼ O(1) or greater in the effective theory's predictions for lowenergy observables. If this is not possible we conclude that χEFT is unable to give reliable predictions. At leading order the χEFT potential consists of a zero-derivative contact interaction that is operative only in NN partial waves with L = 0 together with one-pion exchange, which is active in all partial waves. In an earlier work we showed how to "subtractively renormalize" the LO equations for NN scattering in these two channels [23] . This technique eliminates the contact interaction in favor of a low-energy observable (e.g. the relevant NN scattering length). This makes it straightforward to take the limit Λ → ∞: no fine-tuning of the pertinent LEC is necessary. The resulting phase shifts (and one mixing parameter) do not provide anything like a precision description of NN data, but they are, at least, a well-defined, renormalized LO calculation.
However, several papers have demonstrated that a LO χEFT calculation does not produce reliable predictions in partial waves with L > 0 once Λ is sufficiently large [24] [25] [26] [27] . This is because only one-pion exchange is present in these waves at LO, and the resulting singular potential has no NN LEC that permits renormalization. We examined this problem within the context of subtractive renormalization and confirmed the conclusion of Ref. [25] , i.e.
any partial wave with L > 0 where one-pion exchange is attractive does not have stable LO results in χET. We also showed that this problem is not removed at O(P 2 ) or O(P 3 ).
In particular, at O(P 3 ) two-pion exchange produces a highly singular, attractive potential.
The NN contact interactions needed to renormalize this potential are not present, e.g. in
The resulting lack of stability with Λ of the NN phase shifts occurs once Λ is larger than ≈ 1 GeV. In Ref. [28] we used subtractive renormalization to calculate S-wave NN phase shifts from O(P 2 ) and O(P 3 ) χET potentials. Here too we found that the phase shifts are not stable once Λ > 1 GeV. In this case part of the problem is that the momentum-dependent contact interaction that appears at O(P 2 ) has limited effect as Λ → ∞ [29] [30] [31] . Thus the NN potential obtained by straightforward application of χPT cannot be used over a wide range of cutoffs: χEFT as formulated above is not properly renormalized, i.e. the impact of short-distance physics on the results is not under control.
Nevertheless, in Refs. [32] [33] [34] (Refs. [35, 36] ) V was computed to O(P 2 ) and O(P 3 )
(O(P 4 )), and the several NN LECs which appear in V were fitted to NN data for a range of cutoffs between 500 and 800 MeV. The O(P 4 ) predictions contain very little residual cutoff dependence in this range of Λ's, and describe NN data with considerable accuracy. This suggests that χEFT may be a systematic theory of few-nucleon systems if we employ Λ's in the vicinity of m ρ . Since the short-distance physics of the effective theory for p ≫ m ρ is different to the short-distance physics of QCD itself, some authors argue that considering Λ ≫ m ρ does not yield any extra information about the real impact of short-distance physics on observables [37, 38] . Using low cutoffs has the advantage that relevant momenta are demonstrably within the domain of validity of χPT. Discussion about whether such a procedure results in the omission of some operators is ongoing [39, 40] . In what follows we employ wave functions obtained with the standard χEFT counting and our subtractive renormalization method [28, 41] , but we do so only for cutoffs Λ up to the maximum value where we found reasonable results in Refs. [28, 41] , i.e. Λ ≤ 1000 MeV.
Our deuteron electrodisintegration calculation provides an opportunity to test this strategy, by comparing its predictions for deuteron structure and final-state interactions to experimental data. However, experimental data on f L are somewhat limited-especially in the low-energy and low-q 2 region of most interest to χEFT. Much of the data on f L that do exist have been averaged over spectrometer acceptances, which makes comparison with theory not only complicated, but also, in some cases, ambiguous. A necessary condition for the χEFT predictions to be considered reliable is that they show minimal dependence on the cutoff Λ. We will use this criterion to diagnose situations in which the final-state interaction matrix-element computation has significant sensitivity to short-distance physics. Deuteron photodisintegration has been studied (albeit with an incomplete current operator) in χEFT by Rozdzepik et al. using a similar strategy and the wave functions of Ref.
[36] [60] . Since this process involves real photons, it is sensitive to the deuteron transverse response function, f T , and has no dependence on the response function computed here. Christlmeier and Grießhammer computed deuteron electrodisintegration at very low energies and momentum transfers in the pionless effective field theory [61] . They demonstrated the incompatibility of the data on the mixed response function f LT , published by von Neumann-Cosel et al. with the low-energy NN phase-shift data and our knowledge of other electromagnetic transitions in the NN system [62] . This helped them diagnose a flaw in the analysis of Ref. [62] . Pionless EFT was also successfully applied to describe the data on the (e, e ′ ) data taken in a later experiment at S-DALINAC [49] .
The paper is structured as follows. In Sec. II we review the facts about the NN charge operator which are relevant for our study. In Sec. III, we introduce the general set up of the electrodisintegration problem and lay out the basic formulae. In Sec. IV we evaluate the matrix element of J 0 which enters f L and derive an explicit expression for it in terms of partial waves. We also present the NN input used, i.e. results for deuteron wave functions and NN phase shifts from Refs. [28, 41] . In Section V we present our results for the longitudinal response function. We pay particular attention to the kinematic regions where significant dependence of f L on the momentum cutoff Λ is and is not present. We present our conclusions in Sec. VI.
II. THE NN CHARGE OPERATOR TO O(eP 3 )
In this section we analyze the NN charge operator J 0 , expanding it in powers of the χEFT small parameter P . Since our wave functions are computed up to O(P 3 ) relative to leading, we also need the two-nucleon charge operator J 0 up to the same relative accuracy.
We denote the leading order for J 0 as O(e). A J 0 that is consistent with chiral potential V up to O(eP 4 ) (and obeys appropriate Ward identities) has recently been obtained by several authors [4, 5, [7] [8] [9] . We now summarize the results needed for this study.
The analysis proceeds by dividing the charge operator into an isoscalar part J 
where we have summed over the contributions of nucleons one and two. In the case of the deuteron we may use the symmetry of the state (only even partial waves are present) to prove that the two terms in square brackets are equal.
we have:
This operator does not contribute to the matrix elements for elastic scattering, but it is relevant for electrodisintegration.
At O(eP 2 ) the only additions to these operators are those associated with the nucleon form factors. χPT does a reasonable job describing the nucleon isovector form factor G
for square of 4-momentum Q 2 < 0.1 GeV 2 , but its description of isoscalar nucleon structure
E is of limited utility, even in this low-Q 2 domain [63, 64] . Our goal here is to look at higher |q|, and we do not wish to be limited in our pursuit of that goal by χPT's description of single-nucleon electromagnetic structure. Therefore we invoke the following result, which holds true in χPT up to corrections of O(eP 4 ):
E ) being the proton (neutron) charge form factor.
There are no two-body corrections to J 0 at O(eP 2 ). It might seem that there will be an effect in J
0 , because the A 0 photon can couple directly to the exchanged pion. However, in the static limit used to obtain NN potentials and charge operators that pion line carries no energy. Thus two-body corrections to J (v) 0 , that contain such an effect, are deferred until O(eP 4 ), because we follow the counting of Ref. [36] and count p/M ∼ O(P 2 ) while
πN and a pion propagator. However, the only term in L (2) πN that couples an A 0 photon to a nucleon and a pion has a fixed 1/M coefficient, so this effect is also deferred
Therefore, in the counting where p/M ∼ P 2 , the NN charge operator is given by Eqs. (4) and (5), up to corrections of O(eP 4 ).
III. BASIC FORMULAE FOR DEUTERON ELECTRODISINTEGRATION
The usual expression for the differential cross section for deuteron electro-disintegration is (see, for example, Ref. [18] )
ρ(f ) L,T,LT,T T describe the lepton (hadron) tensor. The kinematics is to be visualized as in where α is the fine structure constant, k lab 1(2) is the absolute value of the incoming (outgoing) electron 3-momentum in the laboratory frame, and (q 2 ) 2 is the square of the 4-momentumsquared of the virtual photon.
In the (final-state) c.m. frame we have proton (neutron) 3-momentum :
proton (neutron) total energy :
total energy of deuteron :
Here M(M d ) represents the rest mass of the nucleon (deuteron) and B = 2.24 MeV is the deuteron binding energy. From energy conservation:
. The quantities in the lab. frame can be easily related to those in c.m. frame by a Lorentz boost [61] by an amount
i.e.,
For this work, we do not consider the electron polarization degree of freedom, and calculate only the contribution from the longitudinal part in Eq. (6), which is thus rewritten
where the lepton tensor
and T SMsµm J is defined as [17] :
In Eq. (13) Ψ p ′ SMs | is the NN final state with the total spin quantum number S and its projection on the z-axis, M s , both specified, p ′ represents that the final proton has 3-momentum p ′ , and µ labels the polarization index of the virtual photon. We consider only µ = 0 here. The deuteron state |m J has total angular momentum 1, and m J labels the z-projection of its total angular momentum. The angular dependence of Eq. (13) can be separated into two parts, i.e.,
The longitudinal structure function f L is obtained from the θ-dependent part of T SMs0m J , i.e.,
and so
∼ f L , with the proportionality determined solely by kinematic factors.
IV. EVALUATING THE MATRIX ELEMENT
From Eqs. (13) and (15), one sees that to obtain f L , the matrix element Ψ p ′ SMs |J 0 (q)|m J 0 needs to be evaluated, which, up to O(eP 3 ), can be represented by
The plane-wave impulse approximation diagrams for the deuteron electro-disintegration.
The blob in the right of each diagram represents the deuteron state.
with J 0 given by Eqs. (4) and (5), and t(E ′ ) and G 0 (E ′ ) the NN t-matrix and free Green's function. Here we have used the T to represent the fact that the final-state wavefunction is isospin dependent and introduced a 0 in the kets and the T in the two bras on the right-hand side to indicate the isospin of those states.
The first term on the right-hand side of Eq. (16) is the plane-wave impulse approximation (PWIA), and the second term is the final-state interaction (FSI). The dynamics of the PWIA part can be described by Fig. 2 : there the final-state proton (neutron) has 3-momentum
in the final c.m. frame, while before the proton (neutron) is struck, it has 3-
A. Isospin decomposition
By inserting a complete set of isospin states and using the identity:
we obtain
with
, and P denotes the principal value. Note that in Eq. (16) 
where the second factor on each line is now purely a matrix element in isospin space. Here p 1(2) is the momentum of particle 1(2) in the final c.m. frame. Note that particle 1(2) can be either a proton or neutron and the superscript of τ (j)
3 denotes the particle space in which τ 3 acts. Thus,
hit proton, proton is particle 1, denote as a
hit neutron, neutron is particle 1, denote as b
hit proton, proton is particle 2, denote as c
and, with a similar ordering of mechanisms:
Substituting Eq. (20) and (21) into Eq. (16) and Eq. (18), we obtain the final expression
Note that the final-state interaction piece in Eq. (22) itself has two parts: one for T = 0
and one for T = 1. Each part consists of a t-matrix, the free Green's function and the deuteron wave function with the nucleon form factors. Here we need to integrate over p, thus the deuteron wave function is multiplied by the half-shell t-matrix t(p ′ , p; E np ).
In principle, arbitrarily high values of |p| contribute to the integration which yields the electrodisintegration amplitude. Physically, this means that the virtual photon can strike one of the nucleons which is in a state with arbitrarily high 3-momentum p (the other nucleon state will have to be −p). Regardless of the magnitude of p in the FSI part, the two nucleons then exchange momentum to reach their final state through the FSI. This is in contrast with the PWIA, where, to reach a given final state, the virtual photon must strike the nucleon at a specified momentum state. However, in practice, the high-|p| component of the deuteron wave function is small, so the high-momentum part of the integral will be suppressed.
At this point, we have an expression for the sum of a plane-wave-impulse-approximation piece and the final-state interaction in terms of the 3-momentum of the measured proton p ′ .
The next step is to express Eq. (22) in terms of partial-waves.
B. Partial-wave decomposition
Plane-wave impulse approximation
First, we perform the partial-wave decomposition of the PWIA part of Eq. (22) . To do this we insert
SM s |m J , where p = |p|. Note that the normalization adopted here is
and hence
Meanwhile, the deuteron wave function appears as matrix elements
where the S-(L = 0) and D-(L = 2) wave components of the deuteron wave function satisfy
The momentum-space wave functions we employ are shown, and compared to those obtained with the CD-Bonn potential, in Fig. 3 .
Putting this all together and using the plane-wave expansion formula (with S=1 for deuteron)
the two contributions to the PWIA matrix element become:
Here (Lm l 1M s |1m J ) is the Clebsch-Gordan coefficient and Ω ±p ′ −q/2 is the angle between z The red dots indicate the corresponding wave functions obtained from the CD-Bonn potential.
Final-state interaction
One can follow the same logic as for the PWIA piece to perform the partial-wave decomposition of the FSI term. Note that the total spin (S) and isospin (T ) are conserved in the NN interaction. Thus
The matrix element pS ′ M ′ s T |J(q; 0)|m J 0 is evaluated via the first line of Eq. (22) and Eq. (29) . The 3-dimensional t-matrix t(p ′ , p; E ′ ) can be constructed from t LSJ (p ′ , p; E), although, since the deuteron has S = 1, only t L1J (p ′ , p; E) enters this calculation, i.e.,
Upon insertion of these results into Eq. (30) we find that we need to perform the angular part of the integral in the following form
Here Ω ±p−q/2 is the angle between z and ±p − q/2. We now denote the angle between z and p − q/2 as (θ ′ , φ), and
with (θ, φ) the angle between p ′ andẑ. Similarly, the angle between z and −p − q/2, which we denote as (θ ′′ , φ + π), is
Thus, to evaluate p
, we need to do the angular part of the integral over angle θ and φ. The integral over φ can be reduced by taking advantage of the property of spherical harmonics: by the open diamonds. This graph is adapted from our previous publication [41] .
With the aid of Eq. (35), we can then perform the numerical integration over θ and p to obtain the final-state interaction contribution to the longitudinal response function.
In doing this it is clearly important to have a description of the NN interaction that agrees with data for NN final-state energies of interest. In fact, the LECs of the NN t-matrix we adopted in our calculation of f L are those which generate phase shifts that agree with the Nijmegen phase-shift analysis [65, 66] for T lab ≤ 100 MeV (as can be seen in Fig. 4 and 
V. RESULTS FOR THE LONGITUDINAL RESPONSE FUNCTION
In this section we present our results for the longitudinal response function of deuteron electro-disintegration. For the nucleon form factors we adopt the results listed in Ref.
[67]. For electro-disintegration, one needs to specify two kinematic variables, e.g., (ω, q)
to describe the whole process. We adopted the following kinematic variables in order to compare our results with those obtained with the Bonn potential in Ref. [17] : first, the final energy of the proton-neutron system, which hereafter is labeled E np , (previously it was denoted E ′ ) i.e.,
second, the 3-momentum of the virtual photon (also in the system's final c.m. frame) q 2 cm . With E np and q 2 cm specified, the energy of the virtual photon can be calculated to be
The experimental data of Refs. [42] [43] [44] are presented in terms of the lab. frame value of |q| and the value of the "missing momentum",
with p ′ lab the momentum of the detected proton. All these data were taken in kinematics such that p ′ lab and q lab are aligned, and so θ = φ = 0. From this information, and knowledge of the virtual-photon energy, ω lab , we can compute the kinetic energy of the np pair in the lab frame in two different ways:
Lorentz transformation of this quantity to the cm frame according to
with β given by Eq. (9), yields the E np which we quote in our results. Alternatively, E np,cm can be obtained by energy conservation, applied in the cm frame:
where ω cm and q cm are obtained from ω lab and q lab using Eq. (10).
Before presenting the results, we introduce one kinematics which is of particular interest:
the so-called quasi-free ridge. The quasi-free ridge occurs when ω = 0. Physically, this means that the virtual photon hits one of the nucleons and gives just enough 3-momentum to put it on-mass-shell. The other nucleon remains at rest in the laboratory frame. This occurs when:
Consequently, on the quasi-free ridge E np (in MeV)≈ 10 q 2 cm (in fm −2 ).
We now present our results. First, we adopt the NN t-matrix and deuteron wave function generated with spectral-function regularization (SFR) applied to the two-pion-exchange potential up to NNLO, with the SFR cutoff Λ set to 800 MeV. Fig. 6 shows the longitudinal structure function f L versus angle θ, i.e., the angle between p ′ and q, for E np = 10 MeV and q MeV.
Here and below we compare our calculations to the calculations of Arenhövel and collaborators [17, 68] . These calculations are done using the Bonn-B potential [69] For the final-state interaction (FSI), one needs to sum over partial-waves in order to obtain the 3-dimensional t-matrix. We have summed over partial-waves up to J = 3, and the results are denoted as blue dashed (J = 1), green dash-dotted (J up to 2) and black double-dash-dotted (J up to 3) line in Fig. 6 2 . In general, our results converge once we include partial waves with J = 2 in our calculation of the FSI.
We first discuss the quasi-free ridge case shown in Fig. 6 , i.e., E np = 10 MeV and q 2 cm = 1 fm −2 . Out of all four panels in Fig. 6 , f L receives the least correction from the FSI here, and, as shown in the other three panels, the further away we move from the quasi-free ridge the larger the FSI correction becomes. This can be explained easily by the fact that, at the quasi-free ridge, both nucleons in the deuteron are on the mass shell after being struck by the virtual photon, and no FSI is needed in order to make the final-state particles real. On the other hand, as we move further kinematically from the quasi-free ridge, the FSI must provide a larger energy-momentum transfer to make the proton and neutron become real particles in the final state, and so it becomes more important.
Moreover, for this particular np final-state energy, the quasi-free ridge is the last q 2 cm where all the PWIA and FSI results from the two potentials agree. As we increase q 2 cm to 4 fm −2 and above, both our PWIA and our FSI results start to diverge away from the corresponding Bonn potential results. The error bars also grow quite significantly for q 2 cm > 4 fm −2 , i.e. q cm > 400 MeV, particularly in the FSI. There, where both the deuteron wave functions and the NN t-matrix enter the calculation, the results become highly cutoffdependent.
We now assess how this uncertainty in the χEFT f L prediction comes from the uncertainty of the χEFT deuteron wave function and NN t-matrix. Let's first look at the quasi-free ridge.
From Eq. (36) and Eq. (42), we infer that
at the quasi-free ridge, where the dominant element in the calculation is the deuteron wave
At the quasi-free ridge, the value of the wave-function argument achieves its lowest possible value (for a given E np ): it is 0 (for θ = 0) increasing to 2|p ′ | (for θ = π). Fig. 3 shows that the deuteron wave function Ψ L (p) given by both the SFR and DR TPE up to NNLO agrees with the one given by the Bonn potential at least all the way up to wave function arguments ≈ 100 MeV, and dies off quickly at higher momentum. Since the high-momentum component of the wavefunction is almost zero 3 , this suggests that f L calculated from these two potentials should agree with each other at the quasi-free ridge. In fact, as shown in Fig. 7 , in quasi-free kinematics the f L given by the SFR TPE up to NNLO does agree with those given by the Bonn potential all the way up to E np = 160 MeV.
To see where the two wave functions start to disagree, we use The ≈ 10% difference in the PWIA amplitude originates from the difference between the deuteron wave functions generated by NNLO SFR TPE and the Bonn potentials at around p = 100 MeV and is not significantly enlarged by the FSI piece where the the deuteron wave function is integrated against the NN t-matrix.
On the other hand, as we increase q 2 cm to 10 fm −2 (with E np = 10 MeV) f L given by the two different potentials starts to have a larger difference in the FSI than in the PWIA-see the lower panels of Fig. 8 . Although this final-state energy is well within the range that is fit by our NN potential, one must remember that the deuteron wave function that enters the FSI integral is largest when |p| = |q cm |/2, and the phase-shift data-where we perform best fit up to T lab = 100 MeV-only validates our computation of t(p ′ , p; E np ) for E np ≤ 50
MeV and p up to about 225 MeV. We infer that it is important for t(p ′ , p; E np ) to at least 3 The 3 D 1 wavefunction in momentum-space Ψ 2 (p) dies off at a higher momentum, i.e., p > 400 MeV.
However, it is at least 10 times smaller in amplitude than the 3 S 1 wavefunction Ψ 0 (p). accurately describe data for the on-shell kinematics corresponding to both p ′ (≡ ME np ) and p(= |q cm |/2). If either of these is greater than 225 MeV, then the difference in the NN t-matrix generated by the SFR TPE up to NNLO and the Bonn potential enters the FSI calculation in addition to any differences in Ψ L .
In Fig. 9 we show a similar set of panels to those in Fig. 8 , but at E np = 30 MeV. The agreement between χEFT and Bonn results is again quite good at low q 2 , although there is some disagreement at backward angles once FSI is included. This trend in the final result for f L diminishes as we move towards the quasi-free ridge. At the quasi-free ridge the cutoff variation of the χEFT calculation is small-smaller than for E np = 10 MeV, because the FSI plays less of a role at this higher energy. The agreement with the Bonn potential is also quite good there. Immediately above the quasi-free ridge these features persist, until We will now summarize the results of the calculations we carried out for E np = 10 − 160
MeV and q On the other hand, we emphasize that the χEFT FSI is reliable for low |q cm | and low E np , see, e.g. first two panels of Fig. 8 . Indeed, in the first panel there one might be concerned about the accuracy of our description of the deuteron wave function, and since the LECs in our chiral potential are obtained through the best fit in the NN phase shift for T lab < 100 MeV, in general it does not give the best possible deuteron wavefunction-which is crucial for the PWIA. An alternative way would be to perform the renormalization of the LECs in the 3 S 1 − 3 D 1 channel so that some of the deuteron properties, e.g., the binding energy, can be very accurately reproduced. We have verified that, by doing this, for |q 2 cm − q 2 qf | < 4 fm −2 the 10% uncertainty due to the variation of the cutoff in the LSE can be reduced to 5%, but only for lower values of E np (< 30 MeV). Aside from that, it does not improve the discrepancy between the results generated by the chiral and the Bonn potential. Moreover, for E np > 60 MeV, the variation of the results with respect to the cutoff become larger than before due to the fact that the NN 3 S 1 − 3 D 1 t-matrix now has worse convergence with respect to the cutoff, especially in the higher energy/momentum region. We conclude that the uncertainty of f L will remain roughly the same unless higher orders in the chiral potential are included.
Finally, we compare our results with data for the longitudinal structure function published in Refs. [42] [43] [44] . The kinematics and data for f L are listed in Table I . The experiments of van der Schaar et al. [42] and Ducret et al. [43] give their data as ratios between the measured longitudinal response and that predicted by a Paris-potential [70] impulse-approximation calculation. For those two experiments we have calculated f
at the pertinent momentum using the Paris-potential deuteron wave-function parameterization of Ref. [71] . The result for f L given in Table II is then obtained by multiplying the final two columns in Table I together (with the obvious exception of the single data point of Jordan et al. [44] , where the publication gives f L directly). Table II compares these experimental results for f L with those from O(eP 3 ) χEFT calculations using the SFR NNLO potential and cutoffs of 0.6 to 1 GeV.
In fact, we find significant sensitivity of both the Paris IA and the χEFT result to the value of E np chosen. The value of E np listed here is obtained from the initial-state kinematics given in the publications, using the relativistic energy-momentum relation. Using the value of E np found from the final-state kinematics to compute f χEFT and data becomes dramatic at higher q 2 cm . Similar under-prediction also occurs when Arenhövel's Bonn-potential calculation is compared to these data, so the difficulty appears generic to calculations employing only the one-body operator for J 0 . It will be interesting to explore whether higher-order corrections to the NN charge operator in χEFT can redress the difference seen here between theory and experiment. It is also worth noting that the uncertainty due to cutoff variation in the χEFT result is very small for most cases. This leads us to question whether varying the cutoff between 600 MeV and 1 GeV adequately estimates the uncertainty in the χEFT result due to higher-order effects.
VI. CONCLUSION
We have computed the longitudinal structure function of the deuteron, f L , in χEFT, We also notice that both χEFT and Bonn potential give a similar trend of under-prediction of the experimental f L at q 
|.
In the future, the recent χEFT calculations of elastic scattering on tri-nucleons [16] could be extended to electrodisintegration, and compared with data on that reaction [72] . However, a more obvious and immediately necessary next step is to extend this χEFT calculation to other structure functions. The three-current operator J has also been computed to three orders relative to leading [4, 5, 7, 8] , and comparison of f T , f LT , and f T T with data (and Bonn-potential calculations) would be an important test of the domain of validity of the χEFT expansion for that object.
In closing, we reiterate that such a test can be rendered unambiguous because the results presented here show the regions in which the χEFT expansion for the PWIA and FSI pieces of the deuteron electrodisintegration process are under control. The absence of any NN mechanisms in the charge operator up to the order considered makes the f L presented here a prediction once the NN potential is fixed by the fit to NN data. The fact that we find good agreement with both f L data and other theories in a broad kinematic range provides further reassurance (see also Refs. [10, 14] ) that χEFT does a good job of describing deuteron structure for internal relative momenta < 0.2 GeV. is an average of χEFT calculations that include both PWIA and FSI pieces and use cutoffs ranging from 600-1000 MeV, with the error bar indicating the size of the spread.
